In order to suppress the somatic excision of the Ds element and increase the independent transposition events of the Ac/Ds transposon tagging system in rice, we employed promoters of two meiosis-specific genes of lily, LIM10 and LIM18. The LIM10 promoter directed GUS expression specifically in anthers, with the LIM18 promoter doing the same in the anthers and somatic tissue. Both promoters induced independent germinal transposition with the frequency of approximately 1%. The LIM10 promoter, lacking induction of somatic transposition, is considered to be useful for improving transposon-tagging efficiencies in rice.
The use of transposable elements in combination with gene/enhancer trap vectors is potentially a powerful gene tagging method that can be used for analyzing the function of genes (for review see Sundaresan 1996) . The maize autonomous element Ac encodes an active transposase, whereas nonautonomous Ds elements can transpose only when an Ac transposase (AcTP) is provided in trans. In many cases, transposition of a Ds element is achieved when AcTP is supplied by crossing plants harboring the stabilized AcTP with transgenic plants containing a Ds element. In many cases, the Ac element has been stabilized and the expression of AcTP is controlled by strong promoters such as the CaMV35S promoter (35SP). 35SP is constitutively active in all somatic cells but is only weakly active in germ line cells (Mascarenhas 1990) . Activity in somatic cells can give rise to several problems. First, germinal transposition, which is a referred transposition event that is passed through the germ line and is inherited in the progeny, is not always high, even though somatic excision is frequent. Second, somatic excision of the Ds element takes place continuously throughout plant development, and thus the Ds element transposes more than once in the plant, sometimes creating undesirable mutations at the donor sites. Finally, progeny in the same pod/inflorescence can contain a common transposition event effectively reducing transposon tagging efficiency (Baker et al. 1986 , Long et al. 1993 , Swinburne et al. 1992 .
In order to circumvent such problems associated with promoters that are expressed in somatic cells, several attempts to control the expression of AcTP, by making fusion to promoters that are regulated during development, have been reported. Firek et al. (1996) employed the anther-specific Arabidopsis thaliana apg promoter to direct AcTP expression and demonstrated male gametophyte-specific transposition of the Ds element in tobacco. The apg promoter is activated postmeiotically in the developing microspores. Another approach is to use promoters of meiosis-specific genes, such as AtDMC1, the Arabidopsis homologue of the yeast DMC1 gene. AtDMC1 expression is restricted to pollen mother cells in anthers and megaspore mother cells in ovules. The AtDMC1 promoter has been thought to direct meiosis-associated transposition (Klimyuk and Jones 1997) .
Several microsporocyte-specific transcripts such as those encoded by LIM15, a homologue of DMC1, and LIM10 and LIM18 (Lily messages Induced at Meiosis) have been identified in Lilium longiflorum (Kobayashi et al. 1994) . The transcripts of LIM10 and LIM18 are detected in microsporocytes beginning at the zygotene stage of the meiotic prophase and continue to accumulate throughout meiosis. It is expected, therefore, that promoters of LIM10 and LIM18 can be used for meiosis-specific activation of AcTP, thus inducing independent transposition only once.
To assess the promoter activity patterns of LIM10 and LIM18, we constructed the chimeric genes LIM10::GUS and LIM18::GUS (Fig. 1A, B ) and introduced them into rice. Five independent lines expressing LIM10::GUS or LIM18::GUS were identified. Leaves and young panicles of transgenic rice plants were examined by histochemical analysis for organspecific GUS expression. Blue staining for GUS expression under the control of the LIM10 promoter was detected in anthers during a meiosis-associated stage (Fig. 2B) . Crosssections of anthers revealed that blue staining was restricted to microsporocytes and did not occur in anther walls ( Fig. 2A) . No blue staining was observed in other flower organs including pistils, lemmas, paleas and pedicels. It was not clear whether the LIM10 promoter was active in megaspore mother cells or not, since observation of those cells was difficult in rice. Faint GUS activity was detected in leaf vascular bundles of two out of five transgenic plants. It is possible that the 35SP, located so as to regulate the hygromycin resistant gene, might affect the expression of the GUS gene in leaves. LIM18::GUS activity was also detected in anthers during meiosis, but staining was also observed in lemmas, paleas and pedicels (Fig.  2C ). All of these transgenic plants showed blue staining of GUS in leaves. GUS staining was especially evident in vascular bundles. The expression pattern of LIM18::GUS in lemmas, paleas, pedicels and leaves was similar to that of transformants harboring 35SP::GUS (Fig. 2D) . However, transgenic plants harboring 35SP::GUS showed no blue staining in anthers. Non-transformed rice plants were used as a negative control and did not reveal any GUS staining (Fig. 2E) .
A detailed analysis of GUS expression in anthers at differ- ent developmental stages and representative expression patterns are shown in Fig. 2 . GUS staining in plants harboring LIM10::GUS was first detected in microsporocytes (stages II-III). Then the intensity of blue staining increased (stage III) and reached a maximum at the tetrad stage (stage IV). Weak blue staining was also detected in anthers at the uninucleate microspore stage (stage V). GUS staining was not observed in anthers at the bicellular pollen stage (data not shown) nor at the tricellular (mature) stage (stage VI). Almost the same expression patterns were observed in transgenic plants with LIM18:: GUS, although the expression level in these plants was weaker than in the LIM10 plants and blue staining was scarcely observed at the uninucleate microspore stage (Fig. 2G) . No GUS staining was observed in anthers of 35S::GUS (Fig. 2H ) or in those of wild-type plants (Fig. 2I ). These GUS expression patterns demonstrate that LIM10 and LIM18 promoters can regulate gene expression in male germ cells throughout meiosis.
In order to express AcTP and activate Ds transposition during meiosis, cDNA of AcTP was fused downstream of the LIM10 promoter (LIM10::AcTP; Fig. 1D ) and the LIM18 promoter (LIM18::AcTP; Fig. 1E ), and these vectors were introduced into rice. Transgenic plants containing a single copy of LIM10::AcTP or LIM18::AcTP were selected, based on Southern blot analysis (data not shown), LIM10::AcTP#3, #22 and #23 and LIM18::AcTP#12, #17 and #40. Transgenic rice plants with the Ds element, Ds-GUS T-DNA (Fig. 1C) , were also produced. Ds-GUS T-DNA contains a Ds element with the GUS gene, which has been used as an enhancer trap in Arabidopsis Smith 1993, Smith et al. 1996) . To induce Ds transposition, 11 transgenic plants harboring a single copy of Ds-GUS T-DNA were crossed with those harboring LIM10:: AcTP or LIM18::AcTP. A plant with cDNA of AcTP driven by 35SP (35S::AcTP) was also used as a parent for comparison (Table 1) .
To examine whether somatic Ds excision occurred in anthers and leaves of F 1 plants, PCR analysis was carried out using primers, P1 and P2, their design based on sequences on both sides of the Ds element (Fig. 1C) . Amplification of a 2.6-kb band is expected once Ds excision takes place. In F 1 plants with LIM10::AcTP, a band of 2.6 kb was observed in genomic DNA isolated from mature anthers, while it was not detected in leaves (Fig. 3, lanes 1 and 2) . These results indicate that the LIM10 promoter induces Ds excision in anthers but not in leaves. In contrast, when we examined F 1 plants with LIM18:: AcTP, a 2.6-kb band was detected in both anthers and leaves (Fig. 3, lanes 3 and 4) in the same manner as was observed in plants with 35S::AcTP (Fig. 3, lanes 5 and 6) . These results indicate that the LIM18 promoter induces Ds excision in leaves as well as in anthers. Induction of somatic excision of the Ds element in leaves coincides with the fact that the LIM18 promoter directs GUS expression in leaves. Based on the promoter activity, it is considered that the LIM10 promoter is superior to the LIM18 promoter for the induction of meiosisspecific transposition.
F 2 plants with Ds excision were selected based on herbicide resistance, as Ds-GUS T-DNA has been designed to confer chlorsulfuron resistance once the Ds element has been excised Smith 1993, Smith et al. 1996) . The transposed Ds element was detected by Southern blot analysis using a part of the GUS gene as a probe (data not shown). SacI digestion of the genomic DNA of F 1 plants results in a 2.5 kb hybridizing band, which corresponds to the presence of a nontransposed Ds element. A novel band of distinct size in F 2 plants was regarded as an independent transposed Ds element. Inheritance of the transposed Ds element to F 3 plants was confirmed in some combinations of crossing (data not shown). Table 1 summarized the number of plants with Ds excision and Ds transposition in all combinations of crossing. Out of 11 lines of Ds GUS T-DNA lines, five lines (#7, #9, #33, #38, #77) were crossed with both LIM10::AcTP, LIM18::AcTP and 35S::AcTP in order to minimize the variation among Ds-GUS T-DNA lines. In total, more than 1,500 plants were examined for each promoter, and we obtained 23 plants with an independent Ds transposition for LIM10::AcTP, 10 for LIM18:: AcTP and seven for 35S::AcTP. The frequency of the number of plants with Ds excision out of the total number of F 2 plants tested was calculated as being 12.5% for LIM10::AcTP, 26.5% for LIM18::AcTP. The frequency of independent Ds transposition, which was calculated as the number of plants with an independent Ds transposition out of the total number of F 2 plants, was 1.4% for LIM10::AcTP, 0.6% for LIM18::AcTP and 0.5% for 35S::AcTP.
A narrow window of activation period of LIM10 promoter in pollen development should limit a chance of transposition once or twice in meiosis and/or the first mitosis, provided transposition of Ac/Ds is associated with DNA replications. A floret of rice contains only a single ovule, thus producing a single seed per floret. A single pollen grain participates in fertilization. Therefore, all transposition events at the meiotic stage would ensure the production of F 2 plants with independent transposition. The fact that LIM10::AcTP did not always induce independent transposition was an unexpected result. We could not rule out the possibility that the LIM10:: AcTP might induce Ds transposition in shoot meristematic cells, generating plants derived from the same transposition events, although Ds excision was not detected in any leaves by the PCR analysis. The rather low frequency of Ds transposition is likely to be attributed to the low frequency of reinsertion, although the excision frequency was high. The low frequency of Ds transpositions relative to those achieved with the 35SP and Spm promoters has been also reported for a meiosis-associated promoter, AtDMC1 promoter (Tissier et al. 1999) . It is possible that the process of meiosis preferentially excludes the re-insertion of needless DNA fragments such as Ds element. The frequency in Table 1 might be rather underestimated, because the judgement of independent transposition was based on only the size of bands on Southern blot analysis. It would be possible, apparently, that the same size of bands might be generated by distinct transposition events. Nevertheless, the frequency of the total number of plants with an independent Ds transposition out of the total number of plants with Ds transposition was 33.8% (23/68 in Table 1 ) for LIM10:: AcTP, a value which was higher than that of 35S::AcTP (7/97 = 7.2% in Table 1 ). Such higher frequency of independent transposition is likely to be attributed to the meiosis-associated activation of the LIM10 promoter. Despite the fact that the mobility of the Ds element has been demonstrated previously (for review see Izawa et al. 1997) , only limited information is available on transposon tagging using the Ds element in rice. Izawa et al. (1997) reported that a wide spectrum of mutations affecting growth, morphogenesis, flowering time and disease resistance occurred in a population carrying Ds. However, none of the mutations has yet been shown to be Ds tagged. Most of the mutations lacked tagging and may have occurred from minor sequence alterations that arose from Ds excision. Since 35SP was used to drive AcTP, somatic excision of the Ds element may have occurred throughout plant development. Recently, a T-DNA vector containing both the 35S::AcTP and gene trap Ds has been introduced into rice (Chin et al. 1999) . High frequency Ds transposition and gene trapping activity occurred in the primary transgenic plants. The Ds element transposed during or after plant regeneration. Repetitive ratoon culturing was performed to further induce Ds transpositions that were recovered in the new plants derived from cuttings. About 30% of the plants have been shown to carry at least one Ds which underwent secondary transposition in the later cultures (Chin et al. 1999) . Such secondary transposition may cause mutations at donor sites that are no longer tagged by the Ds element. In order to circumvent such problems associated with 35S promoters, the LIM10 promoter is considered to be more useful, because it induces only germinal transposition, even though the frequency of independent Ds transposition out of F 2 plants is almost the same between LIM10::AcTP, LIM18::AcTP and 35S::AcTP.
The genomic DNA fragment of lily (Lilium longiflorum)
containing the promoter region of LIM10 was obtained by using inverse PCR (accession number AB085841 in the DDBJ database) and subcloned into the SmaI site of pBluescript KS (STRATAGENE, La Jolla, CA, U.S.A.). A primer was designed with a SalI site 24 bp upstream of the first ATG codon of LIM10 (5¢-GAGGTCgACTTATCTGGTGT-3¢; the SalI site is underlined, and the small letter indicates the change of nucleotides). A 1,293 bp promoter region was amplified using M13 reverse primer, the designed primer and Pfu polymerase (STRATAGENE), digested with SalI and subcloned into a SalI site of pBI101HYG so that the promoter fragment was placed in front of a GUS gene, resulting in LIM10::GUS (Fig. 1A) . pBI101HYG was constructed by inserting a gene cassette for hygromycin resistance (Matsuda et al. 1996) into an EcoRI site of pBI101 (Clontech Laboratories, Palo Alto, CA, U.S.A.). In order to construct LIM18::GUS (Fig. 1B) , the genomic DNA fragment of lily containing the promoter region of LIM18 was obtained by using inverse PCR (accession number AB085842 in the DDBJ database). A primer was designed with a SalI site 23 bp upstream of the first ATG codon of LIM18 (5¢-aaggatccgtcGACTGTGTTGGCTACAGTGA; the SalI site is underlined, and the small letter indicates the addition of nucleotides). A 1.8 kbp promoter region was amplified using M13 reverse primer and the designed primer, and subcloned into a SalI site of pBI101HYG in the same manner as for the construction of LIM10::GUS. Transformation of japonica rice (Oryza sativa L. cv. Yamahoushi), GUS assay and the determination of developmental stages of anthers was carried out as previously described (Yokoi et al. 1997 ). An Ac cDNA coding for Ac transposase (AcTP) (Kunze et al. 1987 ) was subcloned into a BamHI site of pGEM-3Zf (Promega, Madison, WI, USA), taken as a SalI/SacI fragment and subcloned into the same site of pBI101HYG after removal of a GUS gene. A SalI fragment of the LIM10 promoter and that of the LIM18 promoter were inserted into a SalI site in front of Ac cDNA. The resulting constructs are termed LIM10:: AcTP and LIM18::AcTP (Fig. 1D, E) . A transgenic rice plant with 35S::GUS was previously produced as plant #A2 (Nakagawa et al. 2000) . Plants with Ds excision were selected based on chlorsulfuron resistance. F 2 seeds were sterilized and sowed on an MS medium (Murashige and Skoog 1962) supplemented with 500 mg -l chlorsulfuron. PCR was carried out for detection of Ds excision using primers: P1, 5¢-GCTTCGAC-GAGGATATCAGC-3¢ and P2, 5¢-GCTTGGCGTGTCAGCG-TATC-3¢.
